
INTRODUCTION

At first glance, inorganic polyphosphates (polyP),

linear polymers of orthophosphoric acid, occupy a rather

modest and standalone place among the biologically sig-

nificant polymers. It was not until fairly recently that they

were considered only as microbial reserves of phosphorus,

“molecular mineral resources” present in the cells of

some species of microorganisms. Academician

A. N. Belozersky, one of the founders of molecular biolo-

gy in Russia, became interested in these energy-rich mol-

ecules as early as in the middle of the past century. He

believed that in the early stages of life on the Earth polyP

were formed abiogenically and preceded ATP, the major

energy carrier in living organisms. Igor Stepanovich

Kulaev was a disciple of A. N. Belozersky, and their pio-

neer works in the field of polyP biochemistry proved

involvement of these phosphorus compounds in the cen-

tral metabolism of microorganisms [1-3].

Later on, I. S. Kulaev, corresponding member of the

Russian Academy of Sciences, became one of the leading

scientists in the field of polyphosphate biochemistry, and

his monograph [4, 5] was a basic manual on the proper-

ties and functions of these polymers. His idea that high-

molecular weight polyphosphates are regulators of the

metabolic processes is now commonly accepted. There is

considerable evidence for the fact that they play a regula-

tory role in the control of gene expression, stress adapta-

tion, membrane transport, and maintenance of cell

motility [6, 7]. The ability of polyP to participate in quite

different cellular processes is determined by their physic-

ochemical properties.
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These macroergic negatively charged polymers are

able to bind either directly or indirectly to proteins, poly-

hydroxybutyrate, and polysaccharides in the presence of

Ca2+, Mg2+, and K+ cations, thus changing their biologi-

cal activity.

At present, the concept on involvement of polyP and

enzymes of polyphosphate metabolism in various process-

es regulating vital activities of eukaryotes has been estab-

lished. The data about the key role of polyP in bone tissue

growth and development are quite convincing [8, 9]. It

was established that calcium and polyP accumulate in

osteoclasts as specific granules, which are released via exo-

cytosis into the extracellular space in the places of bone

growth or repair. Here the granules are destroyed and alka-

line phosphatase hydrolyzes polyphosphates to

orthophosphate. The structured bone apatite is formed

from the released orthophosphate and calcium with

involvement of the specific proteins. The literature

addressing this problem includes more than two hundred

references over the past ten years. The polyphosphate-

containing granules have been found in platelets [10]. The

polyP released into blood during platelet destruction par-

ticipate in the coagulation cascade, binding to factor XII

and activating it; then these polymers and calcium ions

become part of a thrombus, increasing its stability [11, 12].

The polyPs of blood are participants of the inflammatory

response [12]. Involvement of polyP in the signal trans-

duction by nerve cells has been also shown [13, 14]. They

transmit signals between astrocytes by activating puriner-

gic receptors. PolyPs are involved in formation of the fib-

rils of amyloidogenic proteins (in the non-cytotoxic form)

and prevent formation of amyloids disrupting the cells

[15]. PolyP is a component of the specific calcium chan-

nel in mitochondrial membranes that regulates calcium

level and stress response in these organelles [16, 17].

Thus, the knowledge on polyP metabolism in

eukaryotes is necessary to understand the nature of disor-

ders of human phosphorus metabolism and to develop

new methods for treating cardiovascular and bone dis-

eases, and disorders of the nervous system. New materials

for treating bone diseases and injuries already being

developed that include nanoparticles and bone implants

containing polyP to stimulate apatite formation [18-20],

as well as inhibitors of thrombus formation – polyP

antagonists [21].

The Saccharomyces cerevisiae yeast cells, classical

model of eukaryotic organisms, are similar to mammalian

cells in terms of phosphorus metabolism. Under the con-

ditions of glucose-induced catabolite repression in yeasts,

there is biomineralization of mitochondria due to accu-

mulation of inorganic polyphosphates [22]. It seems that

the analogous process underlies formation of the phos-

phorus-calcium granules containing polyphosphates and

calcium in platelets and osteoblasts. The polyphosphatase

PPX1 protein in yeast was shown to be orthologous to the

protein encoded by the human prune gene [23].

The S. cerevisiae cells have a multicomponent system

of polyP metabolism, including the vacuolar transporter

chaperone (VTC) complex consisting of five proteins

responsible for polyP biosynthesis, as well as polyphos-

phatases Ppx1, Ppn1, Ddp1, and Ppn2 involved in polyP

degradation. The aim of this review is to present compar-

ative analysis of the data on physicochemical properties

and functions of these enzymes.

VTC COMPLEX – POLYPHOSPHATE

SYNTHASE OF YEAST

Polyphosphate kinases are responsible for polyP syn-

thesis in the cells of most bacteria. These enzymes cat-

alyze transfer of a phosphate residue from ATP to the

growing polyP chain and the reverse reaction [6]. The

polyphosphate kinase-encoding genes were found only in

a few eukaryotic species, and their presence is explained

by horizontal transfer from bacteria [24-26]. Transfer of

the terminal phosphate residue from ATP to polyP in the

yeast vacuolar membrane was discovered years ago [27];

however, the enzyme catalyzing this reaction could not be

identified for a long time. Then it was observed that the

VTC4 knockout mutants of S. cerevisiae [28] and Ustilago

maydis [29] contained very little polyP in comparison

with the parent strains. Vtc4 protein is part of the yeast

VTC complex, which also includes Vtc1, Vtc2, and Vtc3

proteins [30, 31]. This complex is localized in the vacuo-

lar membrane; it performs chaperone function with

respect to V-ATPase of this membrane and participates in

the fusion of the vacuolar membrane with other mem-

brane structures [30, 31].

Evidence for the presence of the polyphosphate syn-

thase activity in Vtc4 and its detailed characterization are

given in the work by Hothorn et al. [32]. X-ray crystallog-

raphy has shown that fragment of this protein, Vtc4p189-480,

contains a long electron-dense domain responsible for

the synthesis of polyP from ATP [32]. This fragment is

able to catalyze polyP synthesis from ATP in solution in

the presence of Mn2+. The enzyme can also use other

nucleoside triphosphates and dATP and is moderately

specific to divalent cations: Mn2+ > Zn2+ > Co2+ >

Mg2+ > Fe2+ > Ni2+. The primers for polyP synthase reac-

tion can be both orthophosphate and pyrophosphate (the

latter is more effective). The catalytic domain faces cell

cytoplasm, which suggests transport of polyP across the

vacuolar membrane. Point mutations in the Vtc1-encod-

ing gene reduce the level of polyP in the cell [32]. It has

been suggested that this protein participates in the polyP

transport across the vacuolar membrane [32].

There are two forms of VTC complex present in the

yeast cells: Vtc4/Vtc3/Vtc1 and Vtc4/Vtc2/Vtc1 [33]. The

former is typical of the vacuolar membrane and the latter

is typical of the endoplasmic reticulum membrane and

nuclear envelope but is found in the vacuolar membrane
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under conditions of phosphate deficit [33]. It is considered

that Vtc2 and Vtc3, which do not exhibit any activity

in vitro, perform a regulatory function. These proteins,

together with Vtc4, contain the SPX domains bound to

inositol phosphates, the signaling molecules whose con-

centration varies depending on the phosphate availability

[34]. Amino acid substitutions in this domain, which

impair binding to inositol phosphates in vitro, lead to the

decrease in polyP synthesis in yeast [34]. The activator of

polyP synthesis is 5-PP-InsP5 [35]. The search of SPX

domains in other proteins resulted in identification of one

more component of the VTC complex: the Vtc5 subunit

[36]. This protein physically interacts with VTC, and dele-

tion in the respective gene leads to the reduction of the

level of polyP synthesis, while its overexpression leads to

its increase. Vtc5, like other protein components of VTC,

is a transmembrane protein, with its C-terminus exposed

to the vacuolar lumen and N-terminus exposed to the

cytoplasm [36]. Let us note that the VTC4 mutants are

characterized by low but reliably detected polyP level [28].

This fact implies presence of another enzyme systems

capable of polyP synthesis. Among the potential candi-

dates dolichyl diphosphate–polyphosphate phospho-

transferase (EC 2.7.4.20) detected in the membrane frac-

tion of S. cerevisiae cells [37] and 1,3-diphosphoglycerate

polyphosphate phosphotransferase (EC 2.7.4.17) detected

in the cell-free extract of Neurospora crassa should be

mentioned [38]. Genes encoding the proteins responsible

for these enzyme reactions have not been identified yet.

Thus, the yeast VTC complex plays the key role in

polyP synthesis, has multiple-localizations in the cell,

and is regulated by inositol phosphate 5-PP-InsP5.

YEAST POLYPHOSPHATASES

Structural peculiarities of yeast polyphosphatases.

PolyP hydrolysis in yeast is catalyzed by the enzymes pos-

sessing exopolyphosphatase and/or endopolyphosphatase

activity. Exopolyphosphatase (polyphosphate phospho-

hydrolase, EC 3.6.1.11) cleaves orthophosphate from the

polyP chain end:

PolyPn + H2O→PolyPn−1 + Pi

Endopolyphosphatase (polyphosphate depoly-

merase, EC 3.6.1.10.) cleaves long polyP chains into

shorter ones:

PolyPn + H2O→polyPm (m < n)

In S. cerevisiae, the genes of four polyphosphatases

have been identified; the enzymes have been purified and

characterized in detail [39-45]. PolyP degradation also

seems to involve alkaline phosphatase Pho8 localized

in vacuoles, because the PHO8 gene knockout mutant

contains more polyP than the parent strain [46].

Yeast polyphosphatases belong to the different pro-

tein families (Table 1). The PPX1 gene has no introns;

posttranslational modifications of this protein have not

been reported. Polyphosphatase Ppx1 belongs to the

DHH phosphoesterase family, which also includes inor-

ganic pyrophosphatases of the family 2 in Gram-positive

bacteria, the prune protein in insects and mammals, and

the single-stranded DNA-specific exonuclease RecJ [47].

The X-ray crystallography data of Ppx1 demonstrated

high structural similarity of the active site to that of other

proteins belonging to the family 2 of inorganic pyrophos-

phatases [47]. A large long channel is present in the struc-

ture of this molecule, which is formed by the positively

charged amino acids comprising the polyP-binding site

and the site of hydrolysis. This structural peculiarity is

believed to be responsible for the processive nature of

hydrolysis and for the absence of activity with pyrophos-

phate [47]. The close orthologs of Ppx1 are the prune

proteins of higher eukaryotes that demonstrate 25-30%

Table 1. Polyphosphatases of Saccharomyces cerevisiae

Note. The data are from the SDG database (https://www.yeastgenome.org/)

Gene 

PPX1

PPN1

PPN2

DDP1

Enzyme activity 

exopolyphosphatase

exo/endopolyphosphatase

endopolyphosphatase

diadenosine and diphosphoinositol polyphosphate
phosphohydrolase, endopolyphosphatase

Enzyme structure 

one subunit, 45.05 kDa

PPN1 encodes the polypeptide
with the calculated molecular mass
of 78.344 kDa; mature protein is
a homotetramer consisting of
33-35 kDa subunits

one subunit, 37.15 kDa

one subunit, 21.57 kDa

Protein family 

DHH phosphoesterase family

PPN1 family

metallophosphatase (PPP)
superfamily

nudix hydrolase family
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structural similarity to Ppx1 of S. cerevisiae [23]. The

human prune (h-prune) hydrolyzes short-chained polyP,

though the best substrates are tripolyphosphate,

tetrapolyphosphate, and nucleoside 5′ tetraphosphates

[23]. The product of the PPN1 gene needs specific prote-

olytic cleavage for maturation and activation [41]. The

Ppn1 protein contains several tentative glycosylation and

ubiquitination sites with N-glycosylation required for

proteolysis [48]. When purified, Ppn1 often forms large

aggregates with a molecular mass of more than 800 kDa,

and polyP is needed for homotetramer stabilization [49].

The sphingomyelin- and calcineurin-like phospho-

esterases are the Ppn1 orthologs in higher eukaryotes; how-

ever, the degree of similarity is no more than 15-20% [50].

In humans, there are three enzymes hydrolyzing

inositol pyrophosphate and diadenosine hexaphosphate,

DIPP1, DIPP2, and DIPP3a/b, with sequences similar

to the yeast enzyme Ddp1 [43]. Like Ddp1, they can

cleave long-chained polyP into shorter fragments though

with the lower activity compared to the yeast enzyme

[43]. The closest ortholog of Ppn2 is the diadenosine

tetraphosphate hydrolase of Shigella flexnery 2a [44]. No

prokaryotic orthologs have been identified for other

polyphosphatases. Significant structural differences

between the yeast polyphosphatases suggest their different

evolutionary origins.

Substrate specificity, kinetics, inhibitors, and activa-

tors. The four known polyphosphatases of S. cerevisiae

have different mechanisms of polyP hydrolysis: Ppx1 is an

exopolyphosphatase, Ppn1 exhibits both exo- and

endopolyphosphatase activities depending on divalent

cations, Ppn2 and Ddp1 are mainly endopolyphos-

phatases. Figure 1 shows electrophoregrams of the polyP

treated with the purified preparations of these polyphos-

phatases [45]. The treatment with Ppx1 did not lead to

the change in the polyP chain length, which indicated

Fig. 1. Endopolyphosphatase activities of polyphosphatases of S. cerevisiae with polyP188 depending on the concentration of divalent cations

(the numbers indicate cation concentrations in mM). Electrophoregrams of polyP188 after treatment with the preparations of purified

polyphosphatases from superproducing strains are presented [45]; C – control, polyP188 was incubated without the addition of enzyme prepa-

rations.



S100 KULAKOVSKAYA et al.

BIOCHEMISTRY  (Moscow)   Vol.  86   Suppl.  1   2021

absence of endopolyphosphatase activity and was in

agreement with the processive mechanism of the sub-

strate hydrolysis. The polyP chain length decreased after

the treatment with other three enzymes, which indicated

the presence of endopolyphosphatase activity. Exopoly-

phosphatase activities of the purified enzyme prepara-

tions are vary significantly depending on the method of

purification and analytical conditions. The maximum

exopolyphosphatase activities with polyP with the average

chain length of about 200 phosphate residues were

300 U/mg protein for Ppx1 [51] and 900 U/mg protein

for Ppn1 [52]. The detected exopolyphosphatase activi-

ties of Ddp1 and Ppn2 were lower by three orders of mag-

nitude (0.05 and 0.1 U/mg protein, respectively) [45] and

probably had no significant effect on the polyP metabo-

lism. The pH optima for the yeast polyphosphatases are

close to 7.0 [39-45].

Presence of divalent metal cations is required for

activity manifestation of all four polyphosphatases, but

these enzymes are inactive in the presence of Ca2+ [39-

45]. The dependencies of endo- and exopolyphosphatase

activities on the type and concentration of metal ions are

specific for each of these enzymes (Figs. 1 and 2).

Monovalent cations stimulate exopolyphosphatase

activities of Ppx1 and Ppn1 with NH4
+ ions being more

effective than K+ and Na+ [39, 42]; NH4
+ also stimulates

endopolyphosphatase activities of Ppn1 and Ppn2 [45].

Endopolyphosphatase activities of Ddp1 [43], Ppn1,

and Ppn2 [52, 53] were examined using polyP with differ-

ent degrees of polymerization and average chain length

from 15 to 208 phosphate residues. Since the method for

activity determination is based on monitoring the decrease

in polyP chain length using electrophoresis, it is difficult

to carry out quantitative assessment of the level of activity

depending on the polyP chain length. With regards to the

exopolyphosphatase activity, Ppn1 exhibits higher activitiy

with the long-chain polyP and Ppx1 – with tripolyphos-

phate, respectively (Table 2). Yeast polyphosphatases also

Fig. 2. Exopolyphosphatase activities of polyphosphatases from S. cerevisiae with polyP188 depending on concentration of divalent

cations [45, 50].
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hydrolyze some organic compounds with phosphodiester

bond, including second messengers. It is worth reminding

that Ddp1 hydrolyzes diadenosine polyphosphates and

inositol pyrophosphates, which are most likely the princi-

pal substrates of this enzyme in vivo [43]. Ppx1 cleaves ter-

minal phosphate from adenosine 5′ tetraphosphate and

guanosine 5′ tetraphosphate [54, 55] but cannot hydrolyze

inositol pyrophosphate [43]. Ppx1 and Ppn1 demonstrate

activities with different nucleoside phosphates. The ratios

of these activities under optimal conditions for each

enzyme are presented in Table 2. Ppx1 demonstrates only

minor phosphodiesterase activity with cAMP [45] similar

to the one exhibited by the orthologous protein h-prune

[23], while Ppn1 has no such activity. Ppx1 and Ppn1 are

inactive with p-nitrophenylphosphate, glucose-6-phos-

phate and glycerol-3-phosphate; the activity with

pyrophosphates either is not exhibited or, under certain

conditions (in the presence of Co2+), is no more than 7-

10% of the activity with polyP188 [39, 42, 45].

The new type of posttranslational modification of

proteins leading to modification of their properties and

activity has been discovered recently that involves cova-

lent attachment of polyP to lysine residues, the so-called

lysine-polyphosphorylation [56, 57]. It has been shown

that all four polyphosphatases are able to hydrolyze these

polyP [56], and Ppn1 is the most active one [57].

Contributions of the individual polyphosphatases to the

hydrolysis of polyP in the lysine-polyphosphorylated pro-

teins in a cell depend on localization of these enzymes

and target proteins [57].

The kinetics of polyP hydrolysis by Ppx1 is described

by the Michaelis–Menten equation only under special

conditions, namely, constant concentration of magne-

sium ions [39, 51], while the kinetics of polyP hydrolysis

by Ppn1 is not described by this equation [42]. The values

of apparent Km presented in Table 2, which are used for

comparative analysis of the substrate affinity to these

polyphosphatases, correspond to the substrate concentra-

tions providing the reaction rate equal to half-maximum

rate of the reaction [39, 32, 45, 49]. The substrate affini-

ty is higher for the long-chain polyP for both enzymes.

The kinetic parameters of Ppx1 are considered in more

detail in the works [58, 59] suggesting the presence of an

additional magnesium ion binding site in the enzyme

molecule. The presence of such center seems to account

for the extraordinary stimulating effect of EDTA on the

activity of Ppx1: in the presence of 1 mM of this chelating

agent and 2.5 mM of magnesium ions, the activity

increases 1.5-fold [39, 51]. No such effect has been

observed for Ppn1 [49].

Heparin is the commonly known inhibitor of

polyphosphatases [49, 51]. Ppn1 is most sensitive to this

competitive inhibitor, while Ppn2 and Ddp1 are the least

sensitive. The endopolyphosphatase activity of Ppn1 was

completely inhibited by heparin at concentration of

0.01 mg/ml, while the endopolyphosphatase activity of

Ppn2 was not affected even by the heparin concentration

of 0.25 mg/ml [45]. As to exopolyphosphatase activities,

I50 for heparin is 0.001 mg/ml and 0.05 mg/ml for Ppn1

and Ppx1, respectively [45]. The exopolyphosphatase

activities of Ppn2 and Ddp1 were inhibited by no more

than 13-20% at the heparin concentration of 0.25 mg/ml

[45]. In contrast to other polyphosphatases, Ddp1 is

inhibited by 1 µM of fluoride [43].

Table 2. Specific activities of exopolyphosphatases (% of the activity with polyP208) and apparent Km in the hydrolysis

of different substrates by Ppx1 and Ppn1 enzymes of S. cerevisiae

Ppx1 in the presence of 2.5 mM Mg2+

Note. The data are summarized from the works [39, 42, 45, 49, 54, 55].

Substrate

polyP3

polyP9

polyP15

polyP25

polyP45

polyP208

Pyrophosphate

dATP

ATP

GTP

Guanosine 5′ tetraphosphate

Adenosine 5′ tetraphosphate

Specific activity, % 

160

113

118

105

109

100

0

0

0

18

80-150

80-150

Km, mM

0.17-0.30

0.015-0.019

0.011

0.0009-0.0012

0.08

0.08

Specific activity, % 

14

45

88

100

100

100

6

15

7

40

80

Km, mM

1.1

0.075

0.0035

0.88

Ppn1 in the presence of 0.1 mM Co2+
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ADP was shown to have an activating effect on the

endopolyphosphatase activities of Ppn1 [52] and Ppn2

[53]. Arginine (100 mM) activated the endopoly-

pohsphatase activity of Ppn1 [53].

Thus, total set of the properties such as mechanism

of polyP hydrolysis, ability to hydrolyze low-molecular

substrates of different structure, stimulating effect of

divalent cations and sensitivity to heparin suggests that

the four polyphosphatases of S. cerevisiae cells are con-

siderably different indicating specific set of cellular func-

tions for each of them.

Localization of polyphosphatases. Multiple localiza-

tion of polyP in yeast cells was presumed already in the

first monograph by I. S. Kulaev [4, 5]. This assumption

was confirmed by the analysis of polyP content and chain

length in the purified fractions of vacuoles, nuclei, mito-

chondria, and cytoplasm demonstrating that these sub-

cellular compartments contained their own pools of

polyP different from the polyP of other compartments in

the chain length as well as the effects of cultivation con-

ditions and of knockout mutations in the PPX1 and PPN1

genes [60]. It is obvious that the polyP-containing

organelles and compartments must be equipped with the

enzymes for their metabolism. In S. cerevisiae, the

enzymes with exopolyphosphatase activities from the cell

envelope [39], the cytoplasm [49], vacuoles [61], mito-

chondria [62, 63] and nuclei [64] were purified and char-

acterized, while the enzymes with endopolyphosphatase

activities were purified from the cytoplasm [43, 65] and

vacuoles [44]. Analysis of the effects of knockout muta-

tions in the PPX1, PPN1 [60], and PPN2 genes [44] on

polyphosphatase activities in subcellular fractions allowed

identification of the genes responsible for the polyphos-

phatase activities in organelles and compartments. For

example, the exopolyphosphatase activities in the

nuclear, vacuolar, and mitochondrial membrane fractions

of the ∆ppx1 mutant did not change compared to the par-

ent strain, the cell envelope extract did not contain

polyphosphatase, while the cytoplasm and the mitochon-

drial matrix contained high-molecular weight enzyme

aggregates instead of the 45-kDa enzyme, similar in

properties to the PPN1 gene product [60, 66-69]. In the

∆ppn1 mutant, the polyphosphatase activity was absent in

the mitochondrial membrane and dramatically decreased

in the vacuoles and nuclei [60]. These data, together with

the comparative analysis of the properties of polyphos-

phatases purified from the separate subcellular fractions,

demonstrate that Ppx1 is localized in the cytoplasm, cell

envelope, and mitochondrial matrix, and Ppn1 is local-

ized in the vacuoles, nuclei, and mitochondrial mem-

branes. Ddp1 is localized mainly in the cytoplasm [43]

and, in lower amounts, in the nuclei [56]. Ppn2 and Ppn1

localized in the vacuoles are able to form a complex [44].

The polyphosphatase localization changes not only

as a result of the ∆ppx1 knockout mutation but also under

some specific cultivation conditions. Transfer of the

Fig. 3. Localization of the enzymes of polyphosphate metabolism in yeast cells.
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phosphate-starved S. cerevisiae cells to a complete medi-

um leads to the decrease in the activity of Ppx1 in the

cytoplasm and mitochondrial matrix and activity of Ppn1

appears [68, 69]. The causes of such interrelationship

between Ppx1 and Ppn1 have not been elucidated; this

phenomenon probably involves signaling molecules that

are hydrolyzed by both enzymes, e.g., nucleoside

tetraphosphates.

Figure 3 shows the scheme of localization of the

known enzymes of polyP metabolism in the wild type

S. cerevisiae cells growing on a phosphate-rich medium.

Effects of knockout mutations in polyphosphatase

genes on polyP metabolism and other cellular functions.

The first work devoted to identification and functions of

polyphosphatase Ppn1 showed that the PPN1 gene muta-

tions leading to the absence of this polyphosphatase in

S. cerevisiae cells caused an increase in the level of polyP

level and its chain length [41]. The more detailed analysis

of the content of different polyP fractions in the ∆ppn1

mutant showed a twofold increase in the content of the

shortest chain fraction, polyP1, in the cells at stationary

growth phase, while the content of other fractions varied

only slightly [70]. The analysis of polyP content and

chain length in the isolated subcellular fractions showed

that the polyP level increased in the mitochondria and

vacuoles of the ∆ppn1 mutant and the polyP chain length

increased in the mitochondria, vacuoles and cytoplasm of

this mutant strain [60].

It was also reported that the polyP levels in the

∆ppn1, ∆ppn2, and ∆ppn1∆ppn2 mutants did not vary

compared to the parent strain in cells at the logarithmic

and stationary growth phases [44]. These mutations led to

the increase in the polyP chain length, and this effect was

more pronounced in the stationary phase for the ∆ppn1

mutant and in the logarithmic phase for the ∆ppn2

mutant [44]. The increased polyP chain length in the

∆ppn1 mutants was shown by a number of researchers

who used different genetic constructs to obtain these

strains [43, 44, 57].

The ∆ppx1 knockout mutant demonstrated an

insignificant (~15%) increase in the content of the short-

est chain fraction, polyP1, while the content of other

polyP fractions was unchanged [70]. The changes in the

polyP chain length were not observed in the isolated sub-

cellular fractions of this mutant [60]. The polyP content

in the cells of the ∆ddp1 knockout mutant even decreased

(by ~20%) compared to the parent strain, though the

content of inositol pyrophosphate increased more than 2-

fold and the polyP chain length did not change [43].

Analysis of the effects of different combinations of

knockout mutations in the genes of four yeast polyphos-

phatases on the chain length of polyP extracted from the

cells by phenol and lithium salts demonstrated that the

knockout mutation in the PPN1 gene provided the largest

contribution to the increase in the polyP chain length;

even more noticeable increase in the polyP chain length

was observed in the double mutant ∆ppn1∆ppn2, and the

mutations ∆ppx1 and ∆ddp1, both in combination and

separately, had no effect on the polyP chain length [57].

The study of peculiarities of polyP content and chain

length in the cells with knock-out polyphosphatase genes

allows concluding that polyphosphatases Ppn1 and Ppn2

are key contributors to the regulation of polyP content

and chain length in the S. cerevisiae cells.

Now let us consider what other cellular functions are

changed in the case of knockout mutations in the

polyphosphatase genes. Note that the

∆ppn1∆ppn2∆ppx1∆ddp1 mutant is viable [57] and it is

not a simple problem to find out the conditions when

mutants in the polyphosphatase genes exhibit growth

defects. Such conditions were found for the mutants not

expressing the Ppn1 polyphosphatase. The reduced sur-

vival of the ∆ppn1 mutant was observed in the stationary

growth phase [41]. This reduction was due to the fact that

the ∆ppn1 mutant strain was unable to utilize ethanol and

other oxidizable substrates [67]. In the mitochondria of

the parent strain, the content of acid-soluble polyP

decreased from ~1 µmole P per 1 mg protein in the loga-

rithmic growth phase to 0.3 µmole P per 1 mg protein in

the stationary growth phase. In the ∆ppn1 mutants, the

polyP level increased from 0.3 µmole per 1 mg protein in

the logarithmic growth phase to 0.72 µmole P per 1 mg

protein in the stationary growth phase. The polyP chain

length decreased in the mitochondria of strains with pre-

served function of the PPN1 gene upon transition to the

stationary growth phase but increased in the strains with

mutations in this gene. During the growth phase when the

functionally active mitochondria should be formed, the

promitochondria of the ∆ppn1 mutant contained polyP

with an average chain length of 80-130 phosphate

residues but not the short-chain polyP (~15 phosphate

residues) typical of the control strains [67]. Thus, the

Ppn1 polyphosphatase (the membrane fraction of mito-

chondria being one of the sites of its localization) plays a

key role in the development of mitochondria during tran-

sition from the state of catabolite repression to the growth

on oxidizable substrates.

The polyP level in yeast cells regularly oscillates dur-

ing the cell cycle. On entering the S-phase, the polyP

content decreases and is restored to its initial level at the

stage of mitosis. At the same time, in spite of the chang-

ing polyP level, concentration of the cytoplasmic phos-

phate remains constant (20 mM) [71]. What is the role of

cyclic variations in the polyP level and what systems are

responsible for the phosphate homeostasis during the cell

cycle? The use of mutant stains with mutations in the

genes involved in polyP biosynthesis and degradation

proved to be very useful for answering these questions.

The normal cell cycle progression was disturbed in the

strains that had defects in polyP synthesis (∆vtc4) and

mobilization (∆ppn1∆ppx1) [71]. The time of DNA repli-

cation increased 2-fold in both mutants cultivated on a
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phosphate-deficient medium [71]. This effect, as well as

the higher genome instability observed in the mutants, is

obviously related to the decreased level of dNTP [71].

The findings allowed the authors to validate the key

role of polyP as a source of phosphate for the synthesis of

dNTP under conditions of phosphate limitation [71].

Due to the multiple functions of polyP, one can expect

existence of other effects of the polyphosphatase gene

knockout mutants on the ability of cells to overcome

unfavorable environmental conditions.

Overexpression of polyphosphatase genes. Examin-

ation of the physiological features of knockout mutants is

a classical approach to determine functions of the specif-

ic proteins. In the case of yeast polyphosphatases, this

approach happens to be insufficient due to pleiotropic

action of such mutations and sometimes absence of the

significant changes in the polyP level. Another approach

is to construct the strains overexpressing specific

polyphosphatases. It should be noted that cloning of the

yeast polyphosphatase genes in bacterial cells is not

always appropriate; in particular, presence of the specific

proteinase is required to obtain the mature active form of

Ppn1 [41]. Construction of the S. cerevisiae strains over-

producing polyphosphatases solves two problems: facili-

tating production of pure polyphosphatase preparations

from the cell-free extracts with significantly higher activ-

ity than in the case of the wild strain, and possibility to

study effects of such overexpression on the polyP metab-

olism and other cell functions. It should be noted that the

wild-type yeast strains proved to be inefficient for such

construction, because the resultant strains were charac-

terized by reduced viability, at least in case of the PPN1

gene. The PPN1 mutant was found to be a more suitable

recipient; the resultant strains overexpressing all four

polyphosphatases separately showed no difference in via-

bility from the initial strain. The polyphosphatase genes

were expressed in the yeast cells under control of a strong

constitutive promoter of the S. cerevisiae glyceraldehyde-

3-phosphate dehydrogenase gene (TDH3) in composition

of the specialized vector PMB1 [53, 72-74]. It is a low-

copy, segregationally stable vector, but it provides sub-

stantial increase in the level of production of the studied

polyphosphatases in the transformants compared to the

wild type strains. Viability of such strains was actually the

same as in wild strains, allowing us to carry out compara-

tive analysis of physiology of all strains under the same

conditions and to obtain all four polyphosphatases with a

high degree of purity from the cell-free extract using stan-

dard chromatographic procedures [45]. The transformed

strains showed a significant increase in polyphosphatase

activities in the cell-free extract; in the case of

exopolyphosphatases, this increase was assessed quantita-

tively: specific activity increased 10- to 20-fold depending

on the cultivation conditions [72, 73]. Table 3 shows how

overexpression of polyphosphatases influenced cellular

level of the relatively low-molecular weight (with an aver-

age chain length of about 15 phosphate residues) acid-

soluble polyP and high molecular weight (25 to 200 phos-

phate residues) acid-insoluble polyP. In the strains over-

expressing Ppx1 and Ddp1, there are only slight changes

in the polyP level, which is in agreement with the fact that

mutations in the respective genes had no substantial effect

on the content of polyP. The maximum changes were

observed in the overproducers of Ppn1 and Ppn2. These

changes are different: the Ppn1 overexpression most and

foremost leads to the decrease in the content of short-

chain polyP, while the Ppn2 overexpression leads to its

increase, and only the level of long-chain polyP decreas-

es. It should be noted that in both cases the overexpressed

enzymes appear in the cytoplasm in considerable

amounts in the soluble form [53, 72-74]; in the wild type

strains, they are localized mainly in vacuoles or other

organelles in the case of Ppn1. As a result, the low molec-

ular weight polyP of the cytoplasm can be exposed to

Ppn1 as an exopolyphosphatase and to Ppn2 as an

endopolyphosphatase. The increased levels of Ppx1 and

Ddp1 in the cytoplasm did not produce any significant

effect on these low molecular weight polyPs [73, 74]. It

should be taken into account that these two enzymes are

localized mostly in the cytoplasm in the wild strains and,

hence, the polyP of this compartment is somehow pro-

tected from them.

Overexpression of polyphosphatases Ppn1 and Ppn2

had a marked effect on the physiology of S. cerevisiae

cells. The Ppn1-overexpressing strain showed enhanced

expression of the large groups of genes associated with the

response to external stimuli, organization of the cytoplas-

mic membrane, and redox reactions [75]. As a result,

resistance of this strain to oxidative and manganese

stresses also increased [75]. The Ppn2-overproducing

strain proved to be more resistant to alkali and peroxide

exposure [53]. We suggest that the short-chain polyP can

play a role of signaling molecules and participate in the

maintenance of pH homeostasis in the cytoplasm; there-

fore, considerable decrease or increase in their level influ-

ences the adaptive potential of yeast cells. The obtained

Table 3. Content of polyP in the cells of S. cerevisiae

strains overproducing polyphosphatases (% of the polyP

content in the parent strain cells)

Note. The cells were grown on a selective YNB medium till the station-

ary growth phase. The results are summarized from the works [53, 72-74].

Overproduced
polyphosphatase 

Parent strain

Ppn1

Ppx1

Ddp1

Ppn2

Acid-soluble polyP

100

18

99

90

280

Acid-insoluble polyP

100

40

71

83

62
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data show that the polyphosphatase-overproducing

strains are a good model for studying the role of particu-

lar polyP fractions in the adaptation of yeast cells to dif-

ferent types of stresses.

PRACTICAL SIGNIFICANCE

OF POLYPHOSPHATASES

Quantitative analysis of polyP in human blood and

other biological samples is a pressing challenge crucial for

monitoring the state of patients with cardiovascular dis-

eases, especially with the enhanced risk of thrombosis,

some types of blood clotting disorders, osteoporosis, and

osteochondrosis. The necessity of controlling polyP levels

in food products, natural waters and soils is dictated by

the fact that these polymers are used as water deionizers,

fertilizers, and permitted food additives in candies, frozen

fish, seafood, meat and sausage products, and bakery

products. It is well known that polyP can be absorbed in

human intestinal tract [76]. In the developed countries,

people get more inorganic phosphorous than before;

however, the problem of its effect on health has so far

been studied insufficiently.

Nowadays, the most sensitive and highly specific

methods of polyP detection are based either on measur-

ing fluorescence of the polyP complexes with DAPI or

monitoring of enzymatic activity of the specific enzymes

[77]. Yeast polyphosphates are more active than bacterial

polyphosphatases by two orders of magnitude [78], which

is an advantage, when they are used as analytical reagents.

There are two enzymes suitable for polyP detection, Ppx1

and Ppn1, with the following properties: they are highly

specific to polyP and have long shelf-life stored in a freez-

er in a medium containing Triton X-100 (according to our

observations, for more than two years without loss of

activity). These two enzymes have different substrate

specificities: Ppx1 is more active with short-chain polyP,

including tripolyphosphate, and Ppn1 is more active with

long-chain polyP, which gives additional opportunities to

estimate prevalence of the polymers with different chain

lengths in the test samples. The superproducing strains

and purification methods that we have developed provide

a rather high yield of the enzymes: 1 g of yeast biomass

can yield the amount of enzyme sufficient to conduct 200

tests [79]. The assay procedure is relatively simple: a sam-

ple is incubated at pH 7 with addition of magnesium or

cobalt ions and an aliquot of the enzyme; next the

increase in the phosphate level is determined by the stan-

dard colorimetric technique with nanomolar sensitivity

[79]. Applications of Ppx1 for assaying polyP in biological

objects has been described in detail in the literature [79-

82]. With respect to endopolyphosphatases, they are of

interest for producing polyP with the specified average

chain length from commercial high-molecular weight

polyphosphates. It is possible to obtain products with the

chain length of about 60 phosphate residues by varying

treatment conditions [52]. This is precisely the length of

polyP present in mammals and, hence, required for the

study of the effects of polyP on different biological

processes [10, 11].

CONCLUSIONS

Yeasts possess a multicomponent system of polyP

metabolism, including the proteins of VTC complex and

four polyphosphatases with different properties, cellular

localizations, and functions that belong to different pro-

tein families. Ppn1 and Ppn2 play the key role in the

polyP metabolism in the wild type yeast cells. The role of

Ddp1 is mainly to control the level of second messengers,

inositol pyrophosphate and adenosine polyphosphates;

the functions of Ppx1 require further studies. All

polyphosphatases can to a certain extent hydrolyze the

second messengers with ester bond, while Ppx1 and Ppn1

are able to cleave polyP from the lysine-polyphosphory-

lated proteins thereby regulating their activity. These

properties of polyphosphatases indicate that they involve

polyP in a wide range of regulatory processes in yeast

cells, including regulation of the cell cycle and adaptation

to stresses. Further studies of the functional role of these

enzymes are important also due to the presence of struc-

turally similar proteins in mammalian cells.

Yeast exopolyphosphatases could serve as promising

analytical reagents for highly specific and sensitive analy-

sis of polyP and for obtaining polyP of the specified

length for the purposes of research and drug development.
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